The application of regional-scale air quality models is an important tool in air quality assessment and management.
such as bias (BIAS), index of agreement (IOA), correlation coefficient (r), root mean square error (RMSE), normalised mean square error (NMSE), systematic (NMSEsys) and unsystematic (NMSEunsys) normalised mean square error, were applied (Chang and Hanna, 2004) :
(3) 15 where M stands for model predictions and O for observations. 
Boundary layer height determination
One of the widely used methods for deriving boundary layer height from numerical models is based on the assumption that turbulence collapses to laminar flow when the bulk Richardson number Ri B , exceeds values of a critical Ri B (~0.25), and the height at which this occurs can be considered as a boundary layer height (Jeričević et al., 2010) . Using sounding and modelled data, Ri B was calculated based on the following expression and shown in Section 3.3.3.
where z is the height of the particular model level, z 0 is the height of the first level in the model, θ (z) is the potential temperature at the height z, 10 θ(z 0 ) is the potential temperature at the height z 0 , θ(z) is the averaged potential temperature between the first level (z 0 ) and particular level (z) u (z) , v(z) are the wind components on particular levels.
Air quality models
A number of AQMs are currently available for practical applications. These models can be broadly divided into two main 15 groups: offline and online models. The offline models consider solving of meteorological conditions prior to chemistry in the two separate modes such as the Comprehensive Air Quality Model with Extensions, CAMx (EVIRON, 2010) , the Community Multi-scale Air Quality, CMAQ (U.S. Environmental Protection Agency), EMEP and LOTOS-EUROS (e.g., Solazzo et al., 2012) . In contrast to offline models, the online models were developed to include the more consistent description of processes such as atmospheric turbulence and to use a more frequent update of the meteorological variables within the chem- 20 istry part of the model. There are other reasons for online coupling such as the ability to treat feedback processes between aerosols and airflows. Examples of online models include WRF-Chem, Environment: High-Resolution Limited Area Mode (Enviro-HIRLAM), the Consortium for Small-scale Modelling Aerosols and Reactive Trace gases (COSMO-ART), and the non-hydrostatic mesoscale atmospheric model with climate module (Meso-NH-C); e.g., Baklanov et al. (2014) This work is based on the intensive tests performed in Gašparac et al. (2016) , where the WRF-Chem, Unified EMEP and 25 WRF-CAMx models were evaluated against the surface measurement stations over Croatia under different atmospheric static stability conditions. Here, both EMEP and WRF-Chem AQMs are used to determine the spatial and temporal distribution of PM concentrations and possible transboundary transport and to evaluate the performance of the individual model systems during a one-month period at the mountain, elevated and sea-level rural background stations in Europe. 
EMEP model
The EMEP chemical transport model (Simpson et al., 2012) and chemical transformation of trace gasses and aerosols) is simultaneously simulated with meteorology (online coupling).
The WRF is a mesoscale numerical weather prediction system designed for operational forecasting needs and atmospheric research (Skamarock et al., 2008) . It must be pointed out that the assumptions and parameterisations used in the simulations will not describe the performance of the WRF-Chem model itself in further analysis, but rather will describe the performance of a set of selected parameterisations.
This implies that further on in this study, when referring to the WRF-Chem model, the authors are referring to the WRF-Chem 20 model with the above-described setup ( Table 2) . Before making any model comparison, it must be pointed out as well that the difference in vertical resolution (first model level height -EMEP at 46 m, WRF-Chem at 22 m) can have a strong impact on surface concentrations and thus can be the reason for the difference in surface PM concentrations obtained from the two used models.
3 Results
25
Available daily averaged rural background PM 10 concentrations ( P M 10 d ) over Europe (Table 1) were analysed in the following sections with annual temporal variations and the episodes of very high P M 10 d concentrations that occurred during November 2011.
Analysis of PM measurements
We analysed the PM measurements from 310 stations over a period of one year during 2011. Following the air quality report in In order to identify the episodes and the areas of enhanced P M 10 d values, differences (DF ) between the P M 10 d and annually averaged PM 10 ( P M 10 a ) at rural background stations were used, defined as:
Spatial distribution of DF values in percentage is shown in SI Fig S2. The significant increase in P M 10 d is defined as an increase in DF of more than 100% with respect to the annual mean. If a significant increase in DF was detected and lasted at and northern France in the following days until 9 November. During the first episode, a high-pressure field (Fig 3) Fig 3) , the wind speed was generally reduced below 3 m/s, except at some isolated stations (Fig 5, left) . Moderate to strong NE wind (5-6 m/s) started to blow in coastal and Northern Europe from 7 November until the end of the episode when it turned to the ESE direction (Fig 5, left) . Over the mountainous region in Central Europe (Czech Republic, Slovakia and South Germany), the wind speed was persistent during the episode with relatively high magnitude (above 7 m/s) and generally in the SSE direction. Over the area with increased concentrations (DF >100%, Fig 3) , a gradual moderate decrease in t 2m d from 30 east to west from the beginning to the end of the first episode was found (i.e., Poland < 0 • C, Germany, the Czech Republic and Slovakia 0-5 • C). On 10 November the wind speed was lower than 3 m/s over all of Europe (not shown), P M 10 d values were reduced and comparable to P M 10 a (SI Fig S2) .
A building up of P M 10 d started again from 12 November (SI Fig S2 and Fig 4) , 
Evaluation of model performances during November 2011
As for meteorology, the vertical wind profile plays an important role in the dispersion of particulate matter. Hence, a validation of the modelled wind speed against measurements using mast-mounted instruments (Fig 6, Cabauw The modelled daily wind speed ((ws) d ), ambient temperature ( t 2m d ) and surface pressure reduced to mean sea level ( mslp d ) were compared to measurements from 920 synoptic stations within the domain taking into account the elevation of the station. A detailed statistical evaluation of the two individual model performances was conducted by calculation and analyses of six different statistical measures: (Fig 7) . According to BIAS ((ws) d ), the WRF-Chem model generally overestimated the observed (ws) d , which is in accordance with other similar studies (e.g., Solazzo et al., 2012) . The overestimation of (ws) d increases with the station altitude (BIAS ((ws) d ) was~-40% at sea level,~50% at elevated and~110% at mountain stations). WRF-Chem successfully predicted mslp d and t 2m d as BIAS( mslp d ) and BIAS( t 2m d ) values were very low at sea level and elevated stations while small to moderate values of BIAS( mslp d )~10% and BIAS( t 2m d )~±20% were found for mountain stations.
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The EMEP model predicted (ws) d and mslp d well with low BIAS ((ws) d ) and BIAS ( mslp d ) values at all levels.
However, EMEP showed an underestimation of surface t 2m d values with BIAS ( t 2m d )~20%, 90%, and 90% at sea level, elevated and mountain stations, respectively.
Although IOA ((ws) d , t 2m d , mslp d ) was relatively high (≥0.75 for both models), a slight decrease in performance with height is found. This indicates problems in simulations with regional models over complex terrain. This is confirmed by the 15 values of r that were consistent for both models.
The models did not show any substantial systematic and unsystematic errors for mslp d . The range of both systematic and unsystematic errors increased with height for t 2m d ; the median values of NMSEsys and NMSEunsys t 2m d for the EMEP model were the highest for elevated stations. In the case of the WRF-Chem model, NMSEsys t 2m d increases with height, while for the EMEP model, the highest NMSEunsys t 2m d median was found at elevated stations. Overall, during a one-month 20 period of simulation, EMEP had the lowest systematic errors for (ws) d , while WRF-Chem had the lowest systematic errors for
As for chemistry, the modelled P M 10 d values were compared with the available corresponding measurements (Table 1) with respect to height by applying statistical measures (Fig 8, SI Table S1 ). Although the number of stations varies within altitude groups (Table 1) , the overall model performance can be inferred from the addressed figure and table. The underes-25 timation of concentrations was found at sea-level (the median of -44% and -26% for the WRF-Chem and EMEP models, respectively) and elevated stations (-55% and -29% for the WRF-Chem and EMEP models, respectively; SI Figs S4-S5) . At mountain stations, EMEP had good agreement of~13%, while underestimation with respect to WRF-Chem is still present3 3%. According to SI Figs S4-S5, the BIAS P M 10 d in both model simulations showed a similar distribution with respect to the height of the station, i.e., moving from underestimation towards overestimation. IOA P M 10 d was generally equally 30 persistent with height for both models (Fig 8) with a somewhat higher score for simulations with the EMEP model except for the sea-level stations where the median of both models had equal value (0.9, SI Table S1 ). The highest r P M 10 d values were above 0.87 for both models; however, the overall performance in terms of r (median, SI Table S1) for both models was relatively low, particularly for the elevated and mountain stations. The average values over the domain for the WRF-Chem and EMEP models were 0.39, 0.21 and 0.19, and 0.48, 0.28 and 0.24 for sea-level, elevated and mountain stations, respectively.
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High variability in r values over the domain for both models is found (SI Figs S4 -S5) . As r is a measure of linearity and is highly dependent on the estimation of peak values and trends, the low values at all stations are attributed to mismatch of modelled and measured peak values during the period of analysis. Even a small discrepancy between measured and modelled P M 10 d can lead to a decrease in r. RMSE P M 10 d decreases with height, and the highest median RMSE values were found over sea-level stations (20.7 for WRF-Chem model, and 17.3 for the EMEP model; Fig 8, SI Table S1 ). It should be in the EMEP model were substantially smaller at all altitudes with respect to the WRF-Chem model.
The overall performance of the models was good. Due to the coarser grid resolutions, differences in terrain height could lead to a problem in station representativeness in regional models. Generally, from the given analysis, it can be concluded that the performance of both models varies with height. There is a moderate agreement in all of the analysed meteorological parameters and P M 10 d , which shows a trend in the decrease in performance with height. This can be seen in Figs 7 -8. 20 The better modelling performance was found for t 2m d using the WRF-Chem model, while it was found for (ws) d in the case of the EMEP model. Both systematic and unsystematic errors for P M 10 d were the lowest for sea-level stations and at comparable levels between models. Values of r P M 10 d and RMSE P M 10 d decrease with height for both models.
A substantial number of elevated stations are located in the vicinity of hotspot areas (south Poland, Czech Republic, etc.; SI Figs S4, S5) and are therefore subject to a strong influence from high emissions. This can explain the relatively lower perfor-25 mance (e.g., NMSEsys P M 10 d for the WRF-Chem model; RMSE P M 10 d using both applied models) of a number of stations at an elevated level with respect to other altitudes.
Analysis of model performance during the large-scale episodes
Here we focus on the analysis of spatial and temporal variations in the mean surface daily fields ( mslp d , t 2m d , pblh d , (ws) d with wd d ) between the two applied models in order to investigate the mechanisms behind the high pollution episodes. fields are much higher in comparison with the EMEP model. Values of (ws) d were generally higher within the domain for the WRF-Chem simulation. However, both models indicated the same areas with lowered wind speed, which is in accordance with the measurements (Fig 5) . Generally, both models correctly indicated areas affected by high pollution episodes (DF >100%, . Over areas with pblh d below 100m, peaks of P M 10 d were found, reaching measured P M 10 d values (SI Fig   S6) . For both peak days the models are consistent, showing prevailing high mslp d fields, relatively cold areas with low 5 pblh d (more evident in the case of the WRF-Chem model) and low (ws) d conditions (more evident in the EMEP model) over the affected areas with P M 10 d concentrations (Figs 3, 4) .
During the first episode, the presence of cyclone Ruft in the Gulf of Genoa was evident in both models (SI Figs. S7 -S8). Stronger surface winds occurred in the WRF-Chem simulation over Europe compared to the EMEP simulation, which consequently resulted in different dynamics within the boundary layer (SI Fig S9) . The onset of the high pollution event 10 was in Central Europe in the EMEP model as shown in the measurements, but with lower concentrations with respect to the measurements (Fig 3 and SI Fig S7) . With NE winds over the coastal areas of Northern Europe, the pollution was gradually spread to Western Europe. In the WRF-Chem model, the higher surface wind speed over Central Europe was well estimated ( Fig 5; Fig SI Fig S7) and surface wind speeds over coastal areas in Northern Europe were well-represented in the second part of the episode, leading to a good estimation of potential transport of P M 10 d to Western Europe (SI Fig S8) . This agrees 15 with similar studies where the dependence of P M 10 d on BIAS ((ws) d ) was identified (e.g., Solazzo et al., 2012) . During which had an impact on the distribution and magnitude of the estimated high P M 10 d concentrations in both episodes. In simulations with the WRF-Chem model (SI Fig S11) , the onset of the second episode was delayed up to 1.5 day in comparison 20 with the measurements (Fig 4) . Moreover, in the second episode, over areas with increased concentrations in Central Europe, the decrease in pblh d followed by weak wind speed was found in accordance with the measurements (Fig 5, 
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The representation of meteorological conditions over the affected areas (DF >100%, Figs 3-4) agreed well with measurements during both episodes (Figs 3 -5, SI Figs S7 -S12). Although differences in (ws) d were found between the models (SI Figs S9-S12), the areas with increased P M 10 d were appropriately similar. However, as previously pointed out, the models underestimated the measured surface concentrations (SI Figs S6 -S8 ).
Intercomparison of modelled PBL height against radio soundings 30
More detailed analyses of model results and the influence of meteorological parameters during the second episode were made against measurements within the area of the Pannonian basin (SI Fig S3) where increased values of P M 10 d (Fig 4) with statically stable conditions were found (Fig 5, weak wind speed conditions) .The mean modelled vertical profiles during episodes at all available sounding stations within the area of interest agreed well with the measurements, except at the Belgrade station where both models underestimated wind speed by up to 10 m/s in first 2000 m (SI Fig S13) .
Using sounding measurements, the Ri B and boundary layer height (H bl ) were calculated for four sites within the Pannonian basin (SM Fig S3) and are shown on Fig 10. The same parameters were calculated from the WRF-Chem (Fig 11) and EMEP models (Fig 12) . According to Figs 11 -12 H bl calculated from soundings (Fig 10) . Due to the coarse vertical resolution in some periods and low time step the contours are rough and the effect of sunrise on the development of H bl cannot be seen. However, at all four measurement stations prevailing statically stable conditions during the second-high pollution episode were indicated, which is in accordance with the modelling results.
4 Summary and conclusions 15 Numerical modelling of P M 10 d with different AQMs is still challenging (Baró et al., 2015; Prank et al., 2016; Laurent et al., 2016) . It is therefore important to further analyse the different performances of regional models that have been widely used in practical applications. The main task of the current work was to investigate one of the weakest model capabilities, i.e., the simulations of AQMs under statically stable boundary conditions (e.g., Gašparac et al., 2016; Grisogono and Belušić, 2008) focusing on dynamic model aspects during episodes of elevated P M 10 d concentrations over Central and Eastern Europe. 20 Other studies (e.g., Saide et al., 2011) also indicated challenges in the modelling of PM mass, especially during statically stable atmospheric boundary conditions, due to the choice of vertical and horizontal resolution as well as the influence of vertical and horizontal diffusion coefficients during model setup (Jeričević et al., 2010) . Here, two different regional AQMs, namely, EMEP and WRF-Chem, were applied to evaluate their individual state-of-the-art performance and to investigate the processes that contributed to a high P M 10 d concentration during pollution episodes that occurred in Europe. Other model intercom-25 parison research studies over Europe and North America were done within the AQMEII project (e.g., Im et al., 2015; Solazzo et al., 2012; Rao et al., 2011) . However, with respect to those large exercises with harmonised input data (same meteorology, emissions, boundary and initial conditions), the focus of this research was on the specific meteorological situations when statically stable atmospheric conditions prevail accompanied by the occurrence of high P M 10 d concentrations. The offline EMEP and online WRF-Chem modelling systems were used with the available input data that are usually implemented in 
